Annual pasture legumes with a superior ability to acquire soil phosphorus (P) through 21 specialised root systems could lower P-fertiliser requirements. Root traits related to P-22 acquisition are commonly examined for plants in pots grown in glasshouses, however we 23 found that root length was greatly decreased and root exudates greatly increased when shoots 24 of these plants were constrained from spreading laterally, as would also occur in dense 25 pasture swards in the field. We suggest that canopy constraint should be routinely used when 26 screening plants in the glasshouse for root traits likely to improve P-acquisition under field 27 conditions. Background and Aims Root traits related to phosphorus (P) acquisition are used to make 33 inferences about a species' P-foraging ability under glasshouse conditions. However, the 34 effect on such root traits of constrained canopy spread, as occurs in dense pasture swards, is 35 unknown.
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INTRODUCTION

61
A common plant response to a limiting P supply is to increase specific root length (SRL) and 62 decrease root tissue density (RTD) (Lynch and Brown 2001; Hill et al. 2006) . However, the 63 opposite response, that is, decreased SRL and increased RTD in response to decreased P 64 supply, has been reported for micro-swards of Trifolium subterraneum (Haling et al. 2016b;  On 12 October 2015, plants were removed from pots and separated into roots and shoots.
157
Individual plants within the micro-sward established in each pot were not separated and 158 measurements are the sum of the six plants in each micro-sward. Shoots were oven-dried at 159 70⁰C for 72 hours then weighed.
160
Rhizosphere carboxylates 161 Intact root systems were gently shaken to remove loosely adhered soil. The roots and 162 remaining soil, which was considered to constitute the rhizosphere, were then immersed in 50 whereas O. compressus exhibited similar (<3.1% difference) SRL at both P levels (Fig. 2c ).
248
Root tissue density was 9-23% less when the canopy was constrained, relative to that of 249 unconstrained canopy micro-swards, with the exception of T. subterraneum at P15 (Fig. 2d) .
250
For O. compressus, RTD was 10% less at greater P supply for constrained canopy micro-251 swards and independent of P supply for unconstrained canopy micro-swards. The RTD of T.
252
subterraneum at P60, relative to P15, was 33% and 7% less for constrained and 253 unconstrained canopy micro-swards, respectively.
254
There was little variation in ARD (0. constrained. There was no significant effect of P supply on ARD.
259
There was no significant effect of constraining the canopy or P supply on ARHL (Fig. 2f) , 
262
Plant phosphorus content
263
Shoot P content per micro-sward was 4-36% greater when the canopy was constrained,
264
relative to that of unconstrained canopy micro-swards, and 57-84% greater with increased P 265 supply for both species (Fig. 3 ). There was no significant effect of P supply on shoot P 266 concentration, which was 26-65% greater for T. subterraneum and 28-57% greater for O.
267
compressus when the canopy was constrained than when it was unconstrained (Table. 2).
268
Rhizosphere soil carboxylates 
Colonisation of roots by arbuscular mycorrhizal fungi
290
At P15, colonisation by AM fungi was greater for O. compressus (70-75%) than for T.
291
subterraneum (48-51%) (Fig. 5b) . However, AM fungal colonisation at P60 was similar (16-292 23%) for both species. There was no effect of constraining the shoots.
293
Shoot element concentrations
294
The shoot concentrations of P, K, S, Ca, Mg, Na and Cu were generally greater for 295 constrained than for unconstrained canopy micro-swards ( 
407
We found that constraining the canopy decreased root DM by up to 59%, but had no effect on 408 shoot P content (Fig. 3) , even at P15, when P availability was limiting plant growth. Total P 
428
Even though the field soil used in our experiment was pasteurised prior to the experiment 429 commencing, it is possible that the amount of carboxylates originally exuded could be much 
5) Impacts of constrained canopy on shoot tissue element concentrations
448
Constraining the canopy of micro-swards resulted in increased concentrations in shoot tissue 449 of several macro and micro-nutrients, most notably P (discussed above), S, K, Na and Cu. It 450 is possible that the increase in some of these nutrients was due to the increase in rhizosphere 451 carboxylates. For instance, it has been suggested that carboxylates, mainly citrate and malate, 452 could enhance mobilisation of Zn, Fe, Cu and Mn in some soils and circumstances
453
( Marschner et al. 1987; Yang et al. 1994) . However, there is no evidence of this in our study 454 and no consistent reports of any correlation between the shoot concentration of any of these 455 nutrients, except Mn and P?, and carboxylate exudation. Therefore, our understanding of the 456 impact of increased rhizosphere carboxylates in constrained canopy micro-swards on shoot 457 concentration of nutrients other than P remains limited.
458
It has been suggested that leaf tissue concentrations of Mn could be a proxy for carboxylate 459 exudation and, therefore, be used as a relatively quick and simple means to rank plant 460 genotypes for P-acquisition efficiency in low-P soils (Lambers et al. 2015a eight weeks in a low-P field soil (mean ± s.e., n=5); statistical outcomes are reported in Table   691 1. mg kg soil -1 phosphorus (P) supply for eight weeks in a low-P field soil (mean ± s.e., n=5):
697 statistical outcomes are reported in Table 1 . One outlier was removed from (c) and (d). grown with 15 and 60 mg kg soil -1 P supply for eight weeks in a low-P field soil (mean ± s.e., 701 n=5): statistical outcomes are reported in Table 1 . Two outliers were removed. phosphorus (P) application (P15, P60), for eight weeks in a low-P field soil (mean ± s.e., n=5, 707 l.s.d. at P=0.05): statistical outcomes are reported in Table 1 . 
